This research focuses on the effects of an increasing pressure on the soot formation during combustion of vaporized liquid fuel. Therefore soot formation is measured in a laminar diffusion flame, with n-heptane as fuel, over a range of pressures from 1.0 to 3.0 bar. The soot volume fraction in the diffusion flames has been measured using Laser-Induced Incandescence (LII) calibrated by means of the Line Of Sight Attenuation (LOSA) technique. The values of the calibration factors between LII intensities and soot volume fraction from LOSA are slightly varied for different pressure. The integral soot volume fractions show power law dependence on pressures, being proportional to p n , with n being 3.4 ± 0.3 in the pressure range of 1.0-3.0 bar.
Introduction
Soot emissions from combustion of hydrocarbons have long been recognized as a significant problem to the environment and to the health of humans and other animals.
The understanding of the fundamental mechanism of soot formation has grown considerably by studies on laminar flames. Most literature has reported on soot formation in laminar flames at atmospheric pressure. It is well known that increased pressure has a large influence on the soot production in spray combustion, in premixed as well as diffusion flames [1] [2] [3] . Fuel pyrolysis and soot nucleation are enhanced by pressure, and the net effect is that soot growth and concentration are strongly affected by the system pressure [4, 5] .
Gülder's group at the University of Toronto has been focusing on soot formation research in laminar flame at elevated pressure for many years [6] [7] [8] [9] [10] . The soot formation which was defined as the mass flow of soot at a given flame height per unit of carbon mass flow in the fuel, in co-flow methane-air and ethane-air laminar diffusion flames at elevated pressures was measured at different fuel flow rates. Moreover, they reported on the exponential relationship between soot volume fraction and pressure or the fraction of fuel carbon converted soot. Their measurement methods mainly involve Spectral Soot Emission (SSE) and Line-Of-Sight Attenuation (LOSA), to provide information on spatially resolved soot volume fraction as well as temperature, for various fuels (methane, ethane, ethylene and propane), and pressure increasing from atmospheric to 60 bar. In a recent study [11] , the authors summarized that the available high-pressure soot yield data from gaseous fuel diffusion flames behave in a unified way on reduced pressure when the soot yield is properly scaled. However, these studies have definitely addressed the issue of soot formation by gaseous fuels only. For liquid fuels, there is a clear scarcity of data.
Roberts' group at North Carolina State University also conducted a comprehensive investigation of soot formation in laminar flames [12] . Their results are expressed in terms of the Smoke Point Height by measuring the height of a laminar diffusion flame prior to emitting smoke, and in terms of soot volume fraction obtained by Laser Induced Incandescence (LII) with a calibration accomplished by LOSA. Similar to Gülder, only gaseous fuels, such as ethylene and methane, have been studied in their laminar flames over an ambient pressure range from 1 to 25 bar.
Smooke et al. at Yale University also investigated the soot formation in ethylene laminar diffusion flames [13] . The main purpose of their work was to provide quantitative and detailed data for the validation of numerical simulations. Therefore, the flame they studied was relatively simple (ethylene flame under atmospheric conditions), and the measurement method, a combination of LII and LOSA, was quantitative.
Recently, a new study on soot measurements in laminar diffusion flames of liquid fuels has been presented by Menon from Pennsylvania State University [14, 15] . An experimental study on the effects of the addition of m-xylene to a nitrogen-diluted ethylene flame was presented [14] . A special setup for vaporizing liquid m-xylene introduced as an additive into a flow of gaseous fuels has been designed and used in this research. It was used to administer well defined quantities of m-xylene to the flame. Stable flames doped with m-xylene at low concentration levels were established at pressures of up to 5 bar. Although it is the first study of quantitative soot volume fraction measurements reporting on a liquid fuel (m-xylene) diffusion flame at high pressure, this research is limited to very small quantities of liquid fuel dopant (at most 5.0%) in a gaseous fuel flow.
Actually, there is no data on the sooting behavior of liquid fuel laminar diffusion flames at elevated pressures [16] . However, many practical combustion devices, such as internal combustion engines and gas turbines, operate on liquid fuels at high pressures. In our research, the soot formation in laminar diffusion flames of pure n-heptane up to 3 bar will be discussed.
One of the main challenges for measurements on flames in a closed chamber is the instability of the laminar flame itself. Laminar co-flow flames realized in experimental setups are required to be stable for a period long enough to apply the measurement techniques proposed. This challenge is greatly increased when working at elevated pressures. Several problems were faced by Thomson and co-workers [4, 6] when stabilizing methane-air diffusion flames. Darabkhani provides extensive discussions on the stability of laminar diffusion flames [17, 18] . Experiments were conducted in a high-pressure burner to investigate the influence of pressure (1-16 bar), fuel type (ethylene, methane and propane) and fuel flow rate on the shape and buoyancy induced instabilities in sooty co-flow diffusion flames [18] . The results show that the shape of the flame changes dramatically with increasing pressure, and the instability behavior of the flame depends on both fuel type and pressure. Again, all of this research was conducted on flames with gaseous fuels.
Unfortunately, as compared to flames of gaseous fuels, the instability of laminar diffusion flames of liquid fuels turns out to be more pronounced, especially at elevated pressures. That is probably the main reason why data on the sooting behavior of liquid fuels in laminar diffusion flames at elevated pressure are not available [16] . Apart from the factors governing the instability of the flames of gaseous fuels [4, 6, 17, 18] , some obstacles particular to laminar flames of liquid fuels make the realization of stable flames particularly difficult. In fact, it is difficult to produce stable flames of liquid fuels even at atmospheric conditions, mainly because the homogeneity of the temperature in the whole system is not easy to maintain during the measurement process, which in turn could bring about incomplete evaporation of the liquid fuel or condensation of the pre-vaporized liquids in the fuel line towards the burner.
Consequently, a specially designed burner and fueling system are proposed in this paper, which significantly improve the homogeneity of the temperature of the whole fuel line of pre-vaporized liquid fuels. The stability range of the flames is extended up to 3 bar.
It is important to develop diagnostic methods for soot formation measurements which can work under elevated pressure. Generally, as already mentioned in the previous part, two main methods have been used for soot detection: a luminescence method, called Laser-Induced Incandescence (LII) and an extinction method, called Line Of Sight Attenuation (LOSA).
LOSA is a widely used diagnostic method for the quantification of soot volume fractions in flames. Its principle is straightforward. The optical transmissivity of the flame of interest is determined from the difference in intensity of a narrow laser beam that has or has not passed through the flame. This yields the total extinction coefficient, integrated along the whole path of the laser beam through the flame. Typically, this ''line of sight'' corresponds to a tangential path, at a fixed height above the burner exit (HAB = Height Above Burner). From a series of measurements at various lateral positions at the same HAB, the radial soot distribution can be reconstructed. By also varying the HAB, the whole 3-D soot volume fraction field can be derived. Performed in this way, this method relies on several assumptions. The flame must be stable during the whole measurement series, and it must be axis-symmetric in order to reconstruct the radial distributions at fixed HAB (this involves an inverse Abel transform). Finally, the method requires an independent calibration or knowledge on the optical properties of the soot responsible for the attenuation, and it assumes that soot is really the only cause of attenuation.
Laser-Induced Incandescence (LII) is an imaging diagnostic technique, that is based on recording the grey-body radiation of soot that is instantaneously heated to far above the local flame temperature by means of a short laser pulse. Comprehensive overviews of the technique and the physics involved have been given by Schulz et al. [19] and by Michelsen [20] . The incandescence yield is nearly, but not quite, proportional to the local soot volume fraction [21] . This technique provides the advantage of instantaneous 2D measurement, but requires a calibration (often obtained by LOSA) to yield absolute soot volume fractions [22] .
Compared to LOSA, the most important advantage of LII is that it is capable of providing 2D images of the soot distribution directly. However, there are a few limitations. According to research by Bassi et al. [23] , at high pressure the soot particle density may be so high that the infrared radiation is not able to penetrate the flame. Incandescence trapping by flame regions in between the probe volume and the detector is a concern in highly sooting flames and may cause an underestimation of the actual soot volume fraction [24] . Shaddix and Smyth [25] claims that signal trapping becomes significant at soot volume fractions above 10 ppm. Liu et al. [26] used the uncorrected LII intensities and the particle temperatures derived from wavelength dependent LII intensity ratios and argued that the soot volume fraction inferred from the absolute LII intensity technique is higher than the true value, especially when the detection location is on the flame centerline and the soot loading is high. Thus, he claims that a correction for signal trapping in general is difficult, if not impossible, since it requires knowledge not only on the distribution of the soot volume fraction, but also on the morphology of soot particles.
Accordingly, at present there is no broadly accepted model to extract soot volume fractions directly from LII data. Consequently, some researchers prefer a qualitative comparison by comparing relative LII signal intensities [27] . Alternatively, in order to take advantage of LII for 2D soot measurements, as a compromise, some investigations have been accomplished by a combination of LII and LOSA [12] [13] [14] [15] 23, 25, 28] . According to this method, one flame will be measured using both methods in otherwise completely similar configurations, and the soot volume fraction of the flame is calculated from the LOSA signals. By means of this process, a calibration factor between LII intensity and LOSA soot volume fraction will be established. As a result, the LII intensity can subsequently be interpreted in terms of the soot volume fraction.
In LOSA, the soot particles are considered to be in the early stage of soot formation and small enough to warrant the Rayleigh assumption [4] . The soot volume fraction f v can be calculated from [4] :
where k is the wavelength of the laser, K ext is experimental extinction coefficient and k e is the dimensionless extinction coefficient. K ext can be calculated by measuring the transmitted light intensity I T , the incident light intensity I 0 and the affective absorption length L in the flame:
According to Eq. (1), the soot volume fraction calculation by LOSA also depends on the value of dimensionless extinction coefficient k e [29] :
in which, E(m) is known as the dimensionless refractive index function, m is the complex soot refractive index, which is related to laser parameters, burner parameters, properties of soot, and so on, and a sa is an empirical factor which relates to the morphology of soot. Some researchers tried to estimate values for m and a sa . In Thomason's report [4] E(m) = 0.258 at k = 577 nm and a sa = 0.05 ± 0.05; In Gülders' research [6] , E(m) is 0.274. However, more researchers on the applied investigation of soot measurements prefer to choose a simplified method to estimate k e directly. In Krishnan's reports [30, 31] , the authors provide some recommendations for k e for a few frequently used fuels, which have been directly used by other researchers [12] [13] [14] [15] . In our research, the soot formation in laminar diffusion flames of n-heptane will be measured over the pressure range from atmospheric up to 3 bar, so the effect of pressure on the LII calibration factor should be taken into account. According to Hoffmann et al. [32] , pressure has little effect on the LII calibration factor when calibrated using laser extinction. Therefore, the extinction coefficient adopted for this research will be k e = 9 [30, 31] .
In summary, over the last three decades, various researchers reported investigations on soot formation in laminar flames with gaseous fuels from atmospheric to elevated pressures up to 60 bar. However, it is hard to find any data on soot measurements in laminar diffusion flames with liquid fuels even in atmospheric environments, let alone measurements at elevated pressure, which would be of direct practical relevance for engine combustion. Although the measurement methods, LOSA and LII have been widely discussed, liquid fuels almost never have been used for these measurements. In the present paper, we will provide soot formation data on laminar diffusion flames of n-heptane in the pressure range up to 3 bar by means of LII, with LOSA calibration.
Materials and methods

High Pressure Vessel and Burner (HPVB)
The goal of the HPVB [33] setup is to conduct research on high pressure combustion processes burning gaseous as well as liquid fuels. The device is illustrated in Fig. 1a . The inner and outer diameters of the fuel tube are 4 mm and 6 mm, respectively. The inner diameter of the concentric co-flow tube, through which the oxidizer stream flows, is equal to 50 mm and the height of the burner, from the bottom to the top of the co-flow compartment is 100 mm. The (interchangeable) fuel nozzle is tapered both inside and outside to reduce the formation of turbulent eddies in the air and fuel flow. Sintered metal porous disks are used in the fuel and oxidizer [34] . Aluminum beads (3 mm diameter) and perforated plates which are also flow guiders are placed in the air stream. The fit of the burner inside the pressure vessel is achieved by clamping the burner in one of the holes of the cubic shaped pressure vessel. In order to efficiently use the space inside the pressure vessel and create a good alignment with the optical ports, the burner is partly placed inside the vessel, while the major part is left outside the vessel.
The robust steel vessel allows for experiments up to 30 bar. Figure 1b shows the setup assembly. Liquid fuels have to be vaporized, and to avoid cooling and consequent condensation of this vapor, the burner needs to be heated. This heat is supplied by a heated ring (supplying up to 110 W) which is mounted around the burner and is kept at a constant temperature. To enhance this control and to avoid unnecessary heat loss, the heated burner is isolated from the pressure vessel by a thermal insulating PTFE (Teflon) ring. The burner is made of aluminum in order to conduct heat more efficiently from the heated ring into the co-flow. The mass flow of all gaseous flow is controlled by mass flow controllers (Bronkhorst). Ref. [33] provides the details of dimensions of the burner and vessel.
The layout for liquid fuels is shown in Fig. 2 . The liquid in the fuel accumulator is pressurized with nitrogen. In the accumulator a membrane divides the liquid and the nitrogen. The flow of pressurized liquid is measured by a liquid mass flow meter and the amount of liquid entering the burner is controlled by a Controlled Evaporator Mixer (CEM) from Bronkhorst. The nitrogen that passes through the CEM is controlled by a Mass Flow Controller (MFC). The vaporized liquid fuels can be delivered at a temperature up to 200°C. In order to avoid condensation, the vaporized liquid is led to the burner via a heated hose of which the temperature can be set between 20°C and 200°C, while a heated ring is placed around the burner.
The flue gas from the exhaust of the pressure vessel can have a temperature above 200°C and was cooled before it passes through the pressure regulator. The pressure regulator of the pressure vessel and the pressure regulator of the liquid fuel accumulator are Fig. 1a . A schematic lay-out of the burner [33] .
coupled, in order to keep the pressure in the accumulator at a higher level than the pressure in the vessel.
As a frequently used fuel for flame measurements, n-heptane is chosen as the fuel for this research because its cetane number is close to that of conventional diesel fuels. Moreover, it is one of the primary reference fuels for octane number evaluation. Lastly, it is a representative component for the aliphatic fraction in commercial gasoline and diesel oils.
In order to improve the stability of the laminar diffusion flame of n-heptane, some special design features were implemented. We placed a one-way valve in the fuel line immediately upstream of the burner. The one-way valve forces the flow in one direction and therefore it was also efficient in suppressing oscillatory flow when the vessel is closed. Another aid to dampen flame oscillations is a buffer vessel of 200 mL in the fuel line between the heated hose and the burner. This solution showed stability improvements when burning n-heptane at atmospheric pressure. A heating tape is wrapped around the buffer to control the temperature, thereby avoiding condensation.
Flame flickering and oscillations will increase with pressure, but the flame is sufficiently stable for soot measurement in laminar diffusion flames of n-heptane up to 3 bar. Unfortunately, when the pressure exceeds 3 bar, the flame seems to start rotating and pulsating. Further increase in pressure increases these instabilities. The flame rotation speed increases and rotating cells start in the flame base and grow towards the flame tip until they break the flame envelop into sooting tips.
LII and LOSA
The LII experimental setup is shown in Fig. 3 . The laser is a Nd:YAG laser (one cavity of a Quntal Brio Twins system) operating at 1064 nm. The energy is fixed at 0.78 mJ/pulse. The laser fluence is 260 J/m 2 , and it is in the linear regime and not saturated. The prompt LII signal was collected by an intensified CCD camera (Princeton Instruments ICCD), using a prompt technique; a gate time of 100 ns was used, with the intensifier at a fixed gain and fully open upon arrival of the laser pulse. The raw LII images were averaged and corrected by subtracting luminescence signals [ 21, 22] . The LII radiation was focused onto the ICCD using an f/2.8: 50 mm lens. As shown in Fig. 4 , the LOSA setup is designed to minimize disturbances [33] . The laser used for this research is a He-Ne laser, with a power of 5 mW and a wavelength of 632 nm. To compensate for laser intensity variations, a reference detector is used. Making use of a wedge shaped beam splitter, approximately 4% of the laser intensity is split into the reference detector. The incident light intensity is determined from measurements outside the flame and the reference signals. A laser scan is created by an adjustable mirror and two positive anti-reflection coated lenses. The angle of the adjustable mirror can be changed with an electric step-motor. Since the mirror is located in the local point of the 1st lens, varying its angle changes the lateral position of the HeNe laser beam above the burner, but not its direction. Each scan covers more than the full flame width; start and end points are defined by an aperture. The HPVB is placed at an angle of 15°with respect to the laser beam. This is done to prevent reflections along the laser beam.
Measurement process
During the measurement, the fuel flow rate of n-heptane is kept at 6.0 g/h (1.67 mg/s), the air co-flow is kept at 4.67 g/s with fixed supply pressure of 8 bar and the carrier nitrogen is kept at 14 mg/s with fixed supply pressure of 10 bar. The mass flow fraction of fuel in the fuel mixture including nitrogen carrier gas is 11%. Consequently, during the whole measurement process, as the boiling point of n-heptane is 99°C at 1 bar, the system temperature is kept at 180°C which is enough to guarantee full evaporation of n-heptane. Then, the mass flow rate of the fuel mixture in the tube and the co-flow around the tube are 1.25 mg/mm 2 s and 2.41 mg/ mm 2 s respectively. This indicates that mass flow rates of the fuel mixture and co-flow are of a same level. As a result and since the densities of both mixtures are similar because they consist mainly of nitrogen, the velocities are also similar. The velocity in the fuel mixture is lower, but it will increase to higher values than the co-flow velocity due to the temperature increase by combustion. It is therefore expected that instabilities induced by shear layer between fuel mixture and co-flow air are avoided in such a way. The setting of ambient pressure in the vessel was varied from 1.0 bar to 3.0 bar. In the LII measurements, for each flame, both the LII and spontaneous luminescence signals are captured in five individual frames at 6 s interval LII images are based on single laser pulse.
In the LOSA measurements, the beam was slowly swept through the flame at a fixed Height Above Burner (HAB) (10 s per scan). Note that in the optical setup of Fig. 4 , the HeNe beam hits the adjustable mirror on its rotation axis, and this axis lies in the focal plane of the first lens. In this way, by rotating the mirror, only the location of the HeNe beam through the flame is varied, but not its direction. Scans were limited by a rectangular slit in front of the HPVB. The second lens focuses the transmitted light into a small integrating sphere, thus reducing the possible effects of beam steering by the flame. The transmitted and reference intensities were recorded by a sampling oscilloscope (LeCroy Waverunner 44 MXi-A). Burner height was varied by translating the whole vessel up or down in steps of 1.52 mm for one full rotation. The laser beam was kept unchanged. Since this also implied that the laser beam had to pass through different parts of the entrance and exit windows, reference scans without a flame were recorded for every setting of the HAB. The extinction signal was calculated by subtracting the flame-on signal from the flame-off signal at the same HAB. The reference signal was stable during all measurements. The original data required a small correction for non-uniform scan speed. The LOSA calibration factors for LII were determined at the positions of maximum soot concentration alone the centerline in the flames at 1.0 bar, 2.0 bar and 3.0 bar, respectively, using k e = 9, as mentioned earlier. The results were subsequently extrapolated to all other flames by interpolation.
Results and discussions
Flame stability
As mentioned in the first part of this paper, flame stability becomes an issue for measurements on laminar diffusion flames of liquid fuels at elevated pressures. In order to quantify the stability of our flames, we determined both the lateral position and height of the flame tips in all recordings made under nominally identical conditions. Figure 5 shows an example of the measurement data. Figure 5a is an unprocessed recording of the flame including LII signal (laser on; single shot), Fig. 5b is recorded with identical settings but without LII signal (laser off), the lower panel is their difference (laser on minus laser off), which we interpret as the actual LII signal. 1 Obviously, the natural flame luminosity provides a dominant contribution to the signal, also when the laser induces additional incandescence. We have determined the flame position by fitting horizontal and vertical cross sections through these images to Gaussian profiles. For each setting, five individual single-shot images were collected, and these were, per setting, shifted to their average vertical position and, for all settings, to the same (arbitrary) horizontal position. Afterwards, the five background images were averaged, and then the LII contributions were evaluated by subtracting the ''laser off'' average from the individual ''laser on'' images (Fig. 5c) .
In Fig. 6 , we show the vertical position of the flame tips as a function of pressure for both the ''laser on'' and ''laser off'' measurements, with standard deviations (r) based on 5 replica's. The latter typically are smaller than 0.35 mm (about 2% of the flame height), but the fluctuations increase with pressure. Clearly, the flame tip height decreases with increasing pressure. The mass flow rate of the fuel might be gradually decreasing with pressure due to the difficulties for calibrating the mass flow while operating at high pressures, which is partly contribute to the lower height of the flame with the pressure. Moreover, somewhat unexpected, the natural luminosity shows a slightly higher flame than the LII pictures. This last observation must be treated cautiously because the soot temperature is a strongly non-linear factor in the luminosity yield [35] . Note that it cannot be due to insufficient laser sheet height, because at 1.0 bar the LII-tip is highest, Fig. 12 shows that there are no obvious non-uniformities.
However that may be the soot which shows luminescence by itself is also expected to be superheated by the laser pulse, and there is no obvious reason why the ''laser on'' flame images should be less high than the ''laser off'' ones. Such a region might contribute little to the natural luminosity, but would show up strongly after laser heating. The occurrence of such a region implies that with increasing pressure, either the soot formation rate decreases towards the flame tip, or the soot oxidation rate in the same region increases and as a result the soot formation decreases.
Soot formation
LII soot signals
For all ambient pressures considered in this study, Fig. 7 shows the average LII distribution (i.e., soot volume fractions) and their standard deviations (based on pixel-by-pixel evaluation of the five individual images). The scale is the same for all images, so they can be compared amongst each other. According to Fig. 7 , soot production increases with increasing pressure while the flame stability decreases with increasing pressure. Moreover, the flame stretches downward with increasing pressure, and also becomes a bit narrower. It should be noticed that a pocket of low soot density seems to grow into the upper part of the flame (see red arrows in Fig. 7 ; this is not a laser absorption effect, since the region is surrounded by high-signal regions). The standard deviation is relatively high, which might be attributed to the subtraction of two large numbers. The asymmetry of the soot signals increases with pressure likely due to laser absorption occurs while the laser passes through the flame from right to left.
Calibration by LOSA
The primary use of the extinction data in this study was to calibrate the LII data, so three representative conditions of 1.0 bar, 2.0 bar and 3.0 bar have been selected for this calibration.
However, the absorption profiles by the LOSA concept relate to a line-of-sight integrated soot density at each height, whereas the LII data are a measure for the local soot density at each point. Therefore, there are two routes for the calibration of LII signals by LOSA signals. The first route involves transforming the integrated LOSA signals to local soot signals [13] [14] [15] . By this method, the tangential extinction profiles have to be transformed using Abel inversion [36] for calculation of radial soot volume fractions. As a prerequisite for this process, the LOSA profiles have to be made symmetric, which may introduce an error source into the final results. The second route uses the maximum signals at the centerline from the LOSA measurement to calculate the calibration factors by comparing them with the integrated LII signal at the corresponding height. This not only minimizes the uncertainties and errors, which could be dominating in the low sooting flames as the total extinction is very weak, but also allows for the possibility that the real soot distribution is not completely symmetric. The second route will be used for the soot volume fraction calibration in this research. As shown in Fig. 8 , the value for the calibration factors between LII intensity and soot volume fraction from LOSA various slightly with pressure. Thus, the calibration factors in this paper have been taken at the corresponding interpolated value from the fitting curve shown in Fig. 8. Figure 9 displays the soot volume fractions derived from the LOSA-calibrated LII measurements, for all pressures considered here. In the lower part of the flame, the soot forms kind of an annular zone. With increasing pressure, this ring zone descends and the amount of soot increases. Simultaneously, the flame tip height decreases, and the net result is that the sooting region increases in height. Some asymmetry can be observed (possible partly due to absorption of the laser beam), but this is not very constant. Also, the flame narrows a bit with increasing pressure, and becomes slightly constricted below the most strongly sooting region. The flame height decreases slightly with the pressure (also mentioned in Fig. 6 ). This is somewhat at variance with theoretical considerations [37] [38] [39] [40] [41] , which suggest that the height of a diffusion flame fed by fuel at a constant mass flow rate should be invariant with pressure. This prediction, however, is intended for laminar diffusion flames of gaseous fuels [6] [7] [8] [9] [10] [11] [12] , and has not been validated for flames of vaporized liquid fuel. Due to the unavailability of the corresponding reference and the limit of measurement points (the measurement could only be realized up to 3 bar), we speculated that the following two factors might contribute to this phenomenon. First, a systematical error of the flames due to the evaporation process of the liquid fuel in Controlled Evaporator Mixer (CEM) or in the Mass Flow Controller (MFC). Second, with respect to the cases in gaseous fuels, because the higher quantity of the water production while burning the liquid fuels, the density of the gases inside the vessel is higher.
Soot volume faction
In related previous studies, apart from illustrations of visible flame height and cross sectional area, the maximum soot volume fraction has frequently been expressed in an approximate powerlaw relationship with pressure, that is, Soot volume fraction f v_max = Cp n , in which C is a proportionality constant and n is the so called pressure exponent. As shown in Table 1 , n is in the range from 0.4 to 2.2, between 1 and 40 bar for most of the available data [6] [7] [8] [9] [10] . The value of n is likely to depend on several factors, such as the fuel flow rate, pressure range, and fuel properties. In our case, the location of maximum soot concentration varies considerably with pressure, and it does not seem reasonable to compare these values. Instead, we have taken the integrated soot volume fraction (integration on whole area of 2-D flames), as shown in Fig. 10 . The data can be fitted to f v_integrated = Cp n , resulting in a pressure exponent n = 3.4 ± 0.3 (1-3 bar ambient pressure; fuel flow rate 1.67 mg/s). The error bars are standard deviations derived from five individual single-shot images. In addition, the fitting process has been summarized in Appendix A.
Conclusions
Soot volume fraction measurements have been conducted in laminar diffusion flames with a liquid fuel, n-heptane, over a pressure range spanning from 1.0 to 3.0 bar. The mass flow rate of nheptane was kept constant at all pressures. LII was employed to measure soot volume fraction and has been calibrated by LOSA. The conclusions obtained from this research are summarized below:
(1) Up to 3 bar, the oscillations of the flame tips increase with pressure. The oscillations of the height of the flame tips were less than 1 mm in this setup. (2) The flame tip height based on soot structure decreases slightly with increasing pressure, and, somewhat unexpected, the natural luminosity shows a slightly higher flame than the LII signals. (3) The flame stretches downward with increasing pressure and also becomes a bit narrower. Moreover, a pocket of low soot density seems to grow into the center part of the flame. In the lower part of the flame, the maximum soot volume fractions gradually appear in an annular wing region for all investigated pressures. (4) The axial position of peak soot formation decreases with pressure. This is not completely consistent with observations on laminar diffusion flames with gaseous fuels in other studies [6] [7] [8] [9] [10] [11] [12] , where heights differ less. This initial research demonstrates the feasibility and capability of soot formation measurements on laminar diffusion flames with liquid fuels by means of laser diagnostics. Investigation of different chemical compounds by using other liquid fuels will shed more insight into the effects of molecular structures on the soot formation of laminar diffusion flames at elevated pressure.
